Coexistence of superconductivity and antiferromagnetism in single crystals 



A , 8 Fe 2 - v Se 2 (A= 



K, Rb, Cs, Tl/K and Tl/Rb): evidence from magnetization and 
resistivity 
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We measure the resistivity and magnetic susceptibility in the temperature range from 5 K to 
600 K for the single crystals AFe 2 _j / Se 2 (A — K .g, Rb .8, Cs .8, TI0.5K0.3 and TI0.4RD0.4). A 
sharp superconducting transition is observed in low temperature resistivity and susceptibility, and 
susceptibility shows 100% Meissner volume fraction for all crystals, while an antiferromagnetic 
transition is observed in susceptibility at Neel temperature (Tn) as high as 500 K to 540 K depending 
on A. It indicates the coexistence of superconductivity and antiferromagnetism. A sharp increase 
in resistivity arises from the structural transition due to Fe vacancy ordering at the temperature 
slightly higher than Tn. Occurrence of superconductivity in an antiferromagnetic ordered state with 
so high Tn may suggest new physics in this type of unconventional superconductors. 

PACS numbers: 74.70.Xa, 74.25.F, 74.23.Ha 



One of the most amazing issues in the correlated 
electronic system is that there are usually the coexis- 
tence and competing of several electronic or magnetic 
orders. High transition temperature (T c ) superconduct- 
ing cuprates have kept being the central topics in the 
condensed matter physics in the past 25 years as a re- 
sult of the multi-orders, which induced extremely com- 
plicated physics. Especially, the correlation between su- 
perconductivity and antiferromagnetic or spin-density- 
wave (SDW) order has puzzled the scientists for decades 
and has been thought to be related to origin of high 
T c superconductivity in the cuprates. The newly dis- 
covered high-T c superconducting iron-pnictides attracted 
the worldwide attention immediately after the discovery 
of superconductivity [ll-Q because the superconductivity 
occurs proximity to the magnetically ordered state or 
more than that, the coexistence of the superconductivity 
with antiferromagnetic order [JQ- Naturally, one takes 
the iron-pnictides to compare with cuprates, and believes 
that they may have the same origin of high T c supercon- 
ductivity, which could be closely related to the antiferro- 
magnetism. However, no consensus has been reached on 
this issue so far. 

Recently, another newly discovered iron-based super- 
conductors with A x Fe 2 - y Se2 (A=K, Rb, Cs, Tl) with 
T c around 30 K are reported [7Hl2l|. Antiferromag- 
netic transition can be clearly observed in magnetiza- 
tion for non-superconducting Tl- or (Tl,K)-intercalatcd 
compound [lH [l3T] . Moun-spin rotation/relaxation (/iSR) 
experiments indicate that superconductivity below T c = 
28 K microscopically coexists with a magnetic ordering 
state with the transition temperature T m = 478 K in 
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Cso.s(FeSeo.gs)2UM- Very recently, Bao et al. reported 
an antiferomagnetism with Neel temperature (TV) as 
high as 559 K with the iron magnetic moment of 3.31^s, 
and a structural transition at T s =578 K due to iron 
vacancy oedering in superconducting Kn s-Fei fiSe^flSj. 
Iron vacancy superstructure at T s =500 K and possible 
antiferromagnetic ordering with the Fe magnetic moment 
of 2/ib is also reported in Cs x Fe2- y Se2 (y=0.29 and 
x=0.83)[l6|. It is well known that there exists a response 
in resistivity to the magnetic transition, and the mag- 
netic transition can be detected by the susceptibility in 
iron pnictides supercodncutors(i~7| . In order to directly 
study the magnetic transition and to elucidate the con- 
nection between the superconductivity and magnetic or- 
der, we study the high-temperature magnetic suscepti- 
bility and resistivity in the temperature range from 5 K 
to 600 K, and find the coexistence of the superconductiv- 
ity and antiferromagnetism. In this letter, we report the 
magnetic susceptibility and resistivity from 5 K to 600 
K for the AFe 2 -2,Se 2 (A = K . 8 , Rb . 8! Cs . 8 , Tlo. 5 K . 3 
and Tlo.4Rbo.4). The antiferromagnetic transition was 
observed at Tn of ~ 500-540 K in the magnetic suscep- 
tibility for all the superconducting crystals with 100% 
Meissner volume fraction, indicative of the coexistence 
of the antiferromagnetism and superconductivity in the 
intercalated Iron selenides. A sharp increase in resistiv- 
ity starts at the temperature slightly higher Tn- Such 
increase of resistivity could arises from the Fe vacancy 
ordering. 

The single crystals were grown by Bridgeman method 
as reported previously^ Resistivity below 400 K 

was measured using the Quantum Design PPMS-9. The 
resistivity measurement above 400 K were carried out 
with an alternative current resistance bridge (LR700P) 
by using the a Type-K Chromel-Alumcl thermocouples 
as thermometer in a home-built vacuum resistance oven. 
Magnetic susceptibility was measured using the Quan- 
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FIG. 1: (Color online) Temperature dependence of the resis- 
tivity and zero-field-cooled (ZFC) magnetic susceptibility at 
10 Oe with the field applied within ab-plane for the super- 
conducting ^Fe 2 -j / Se 2 (A = K .s, Rbo.8, Cs .8, TI0.5K0.3 and 
TI0.4RD0.4) single crystals. 



turn Design SQUID-MPMS. A high-temperature oven 
was used in the SQUID-MPMS for magnetic suscepti- 
bility measurement above 400 K. 

Five systems of superconducting AFe2- y Se2 crystals 
(A = K .8, Rbo.s, Cso.8, TI0.5K0.3 and Tl . 4 Rbo.4) were 
investigated in this study. The superconducting transi- 
tion temperatures (T c ) for all the superconducting sam- 
ples are listed in Table I. As shown in Fig.l, the su- 
perconducting transition width lies between 0.5 to 3 
K. Especially, the transition width for Ko.sFe2- y Se2, 
Rbo.8Fe2-ySe2 and Tlo.4Rbo.4Fe2-i/Se2 is less than 1 K. 
The susceptibility measured in zero-field cooled process 
at the magnetic field of 10 Oe shows fully shielding at 
5 K for the crystals with A = Ko.s, Rbo.8, Cso.s, and 
Tl .4Rbo.4, and 90% shielding fraction for the crystal 
with A = TI0.5K0.3- 

Figure 2 shows the temperature dependence of the re- 
sistivity in temperatures range from 5 K to 600 K for the 
single crystal AFc2- y Se 2 with A = K .s, Rbo.8, Cso.s, 
TI0.5K0.3, and Tlo.4Rbo.4- All of the samples display the 
common features. All samples show superconducting at 
T c of ~ 30 K, and the T c is listed in Table I. Resis- 
tivity shows a broad hump in the temperatures range 
from 70 K to 300 K (Th ump ) for all crystals. The magni- 
tude of the resistivity is so high for all the samples com- 
pared to the iron-pnictide superconductors [17Hl9j and 
the FeSe single crystals [20j ■ Above Th ump , the resistivity 
shows a semiconductor-like behavior. A sharp increase 
in resistivity can be observed above 500 K for all sam- 
ples, indicative of the existence of the phase transition. 
The temperature (T5), at which the resistivity starts to 
sharply increase, varies from 512 to 551 K with changing 
A. Above the Ts, the resistivity shows a weak tempera- 
ture dependence. The Ts is listed in Table I for all the 
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FIG. 2: (Color online) Temperature dependence of the resis- 
tivity for single crystals AFe2- y Se2 )A = Ko.s, Rbo.s, Cso.s, 
TI0.5K0.3 and Tlo.4Rbo.4). The black arrow indicates the kink 
in the resistivity. 



samples. 

In order to detect the magnetic transition and make 
clear what transition inferred by the kinks in the resis- 
tivity, we measured the magnetic susceptibility at 5 T in 
the temperature range up to 600 K, as shown in Fig. 3. A 
pronounced drop is observed in the magnetic susceptibil- 
ity at a temperature above 500 K for all the samples. It 
indicates the antifcrromagnetic transition at these tem- 
peratures (T N ). T N is 540, 534, 504, 500, and 496 K for 
the crystals with A = Ko.s, Rbo.8, Cso.s, TI0.5K0.3 and 
Tlo.4Rbo.4, respectively. The antifcrromagnetic order has 
been found in the Cso.s(TeS'eo.98)2 by /xSR with Tn ~ 
478.5 K[l4|- And an antifcrromagnetic transition has 
also been observed in K0.sFe1.6Se2 at Tjv as high as 559 
K from Neutron diffraction experiments fl5| . Here, mag- 
netic susceptibility data indicate the existence of the anti- 
fcrromagnetic transition above 490 K for all the crystals 
with A = K .s, Rbo.s, Cs . 8 , T1 . 5 K .3 and Tl . 4 Rbo.4- 
It is worth of noting that the temperature of the kink 
in resistivity is slightly higher than those Tn observed 
in the magnetic susceptibility. Actually, Tn locates at 
the middle of the transition observed in the resistivity, 
It suggests that the sharp increase in the resistivity at 
high temperature is not corresponding to the antifcrro- 
magnetic transition. Indeed, the neutron diffraction re- 
sults indicate that a structural transition takes place at 
a temperature (Ts) just above the Tn due to the order- 
ing of the iron vacancy, Tn and Ts are 559 K and 578 K 
for the sample KQ.sFe1.QSe2, respectively [l5j]. It is eas- 
ily found that the Tg corresponding to the beginning of 
the sharp increase in resistivity is 10-20 K higher than 
the Tv determined by susceptibility. Based on the ob- 
servation by neutron scattering [lj|, we can infer that the 
resistivity starts to sharply increase due to the structural 
transition, and the kink temperature can be defined as 
the structural transition temperature. Therefore, we can 
observe the structural and antifcrromagnetic transition 
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FIG. 3: (Color online) Magnetic susceptibility measured at 5 
T as a function of temperature for the crystals AFez- y Se2 (A 
= K .g, Rbo.8, Cso.8, TI0.5K0.3 and Tl .4Rbo.4). The black 
arrow points out a kink in the susceptibility, and a similar 
kink is observed in resistivity. 



from the resistivity and magnetic susceptibility, respec- 
tively It should be pointed out that the Tjv observed here 
in A=K and Cs is different from that reported by Sher- 
madini et al.[l4| and by Bao et al.[l5[. It could be from 
different doping level although their Tq does not change 
so much. The black arrow in Fig. 3 points out a transi- 
tion at 332 K in magnetic susceptibility for the crystal 
Tlo^Ko.3Fe2- v Se2- An anomaly can also be observed 
in resistivity at 331 K in Fig. 2. In fact, a small tran- 
sition at about 250 K is also observed in susceptibility 
for the crystal T/o.4-R6o.4Te2_j,S'e2. Such behavior can- 
not be observed in the crystals A . $Fe2-ySe2 (A=K, Rb, 
Cs). Such tiny transition may be due to small amount 
of Tl x Fe2-ySe2 because similar transition has been ob- 
served in TL E Fc2-ySc 2 with different T N [H[l3j]. 

In order to carefully determine Ts, the resistivity and 
the corresponding derivative (dp/dT) as well as the com- 
paring with the magnetic susceptibility is plotted in 
Fig.4a from 400 K to 600 K for the crystal Rbo. 8 Fe 2 - !/ Sc2. 
A clear kink in resistivity is observed at 540 K. dp/dT 
shows two dips. One can easily find that the beginning 
of the high-T dip in dp/dT corresponds to the kink in 
resistivity. This temperature is defined as Tg. Tn in- 
ferred from the susceptibility is 6 K less than T$. It indi- 
cates that Tg manifests another phase transition instead 
of the antifcrromagnctic transition observed in suscepti- 
bility. This transition should be the structural transition 
due to the ordering of Fe vacancies because it has been 
found that the structural transition occurs just before the 
magnetic transition jl5j]. Ts is determined in the same 
way for AFe2- y Se2 with A = Kq.s, Cso.8, TI0.5K0.3 and 
TI0.4RD0.4, as shown Fig. 4b and Fig. 4c. The obtained 
Ts is also listed in Table I. One can find that all Ts is 
slightly higher than Tn in Table I, indicating the higher 
transition temperature for the ordering of Fe vacancies 
than that of magnetic transition. Therefore, the rapid 
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FIG. 4: (Color online) (a): Comparison of the high- 
temperature resistivity, its derivative and magnetic suscep- 
tibility for crystal Rbo.8Fe2-ySe2. T a inferred from the resis- 
tivity data and Tn inferred from magnetic susceptibility are 
shown, (b) and (c): the high-temperature resistivity and its 
derivative for single crystals AFe2- y Se2'- (b): A = Ko.g and 



Cso.g; (c): TI0.5K0.3 and Tlo.4Rbo.4- 
resistivity is shown. 



T inferred from the 



increase of the resistivity should be ascribed to arise from 
the Fe vacancy ordering, and consequently the very large 
resistivity in the normal state in the intercalated iron- 
selcnidcs originates from the existence of large amount 
of Fe vacancies and their ordering. One can note that 
the dp/dT shows two dips for all the AFe2- y Se 2 crys- 
tals except for the Tlo.4Rbo.4Fe2- y Se2. The dip actually 
manifests the change of resistivity. Therefore, the second 
dip can be related to the occurrence of the antifcrromag- 
nctism. 

One puzzle in the intercalated iron-selenide single crys- 
tals is how to enter into superconducting state from 
an antiferromagnetic state with ordered Fe magnetic 
moment of 3.3/is[l5| and from the high-temperature 
semiconductor-like behavior with very high magnitude 
of resistivity. One may note that resistivity increases 
rapidly below the structural transition temperature. It 
suggests that the ordering of the Fe vacancy is re- 
sponsible for the semiconductor-like behavior and large 
magnitude of resistivity above Th ump . The resistivity 
rapidly increases from 21.5 mQcm to 94.3 mflcm with 
decreasing temperature from Ts to Thump for the crys- 
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TABLE I: Superconducting transition temperature (T^ CT °, T c onsct ), the hump temperature in resistivity (Th um p), antiferromag- 



nectic transition temperature (Tn) and structural transition temperature (7s) for the crystals AFe2- a Se2 (A — Ko.g, Rbo.s, 
Cso.s, TI0.4K0.3 and Tlo.4Rbo.4). 

sample name T? cro (K) r° ns "(K) T hump (K) T N (K) T S (K) 

KFe 2 _ H Se 2 — — — 527 540 

Ko.sFea-ySea 30.5 31.5 170 540 551 

Rbo.sFea-ySea 31.5 32.0 250 534 540 

Cs . 8 Fe 2 -^Se2 27.5 30.9 270 504 525 

Tlo.4Ko. 3 Fe 2 - H Se2 24.8 27.7 78 496 515 

Tl ,4Rbo.4Fe2- w Se 2 309 3L8 180 500 512 



tal A . s Fe2- y Se2- It indicates that the Fe vacancy or- 
dering makes the carrier localized and strongly scatters 
the charges. Usually, the antifcrromagnctic spin-density- 
wave transition in the iron-pnictides has been thought to 
be related to the reconstruction of Fermi surface (RFS). 
Such RFS can induce a more metallic resistivity (like in 
BaFe2As2 and LnOFeAs systems). One possible origin 
of the metallic resistivity below Thump can be the joint 
result of the ordering of the Fe vacancies and the oc- 
currence of antiferromagnetism. All of these mysteries 
require further experimental and theoretical study. 

The above results indicate that the superconductivity 
in the A x Fe2- y Se2 happens in an antifcrromagnetic or- 
dering state with very high transition temperature Tn. 
In order to understand the coexistence of the super- 
conductivity and antiferromagnetic order with very high 
Tn, we measured resistivity and susceptibility on non- 
superconducting crystal KFe2- y Se2 (The data are not 
shown here). Although this sample is not superconduct- 
ing and shows a semiconducting behavior in the whole 
temperature range, resistivity and magnetic susceptibil- 
ity display the similar behavior at high temperatures 
as those of the superconducting samples. An antifer- 
romagnetic transition with Tn = 527 K is observed in 
susceptibility. Surprisingly, the Tn is lower than that 
in the superconducting Ko.8Fc2-j,Sc2 crystal. Resistivity 
shows a transition at 540 K due to iron vacancy ordering. 
Both Tn and T§ are higher in the superconducting sam- 
ple Ko.8Fe2-ySe2 than the non-superconducting sample. 
It implies that the coexistence of the antiferromagnetic 



ordering and the superconductivity is not simply compet- 
ing. It requires to clarify how superconductivity occurs 
in such antiferromagnetic ordered state. 

In summary, we first report the magnetic susceptibil- 
ity and resistivity from 5 K to 600 K for the crystals 
AFe 2 - y Se 2 (A = K os , Rb . 8 , Cs . 8 , T1 . 5 K .3 and 
Tlo.4Rbo.4). The structural and antiferromagnetic tran- 
sition temperatures are systematically determined by 
resistivity and susceptibility for all the superconducting 
crystals with 100% Meissncr volume fraction, indicative 
of the coexistence of the antiferromagnetism and super- 
conductivity in the intercalated iron selenidcs. A sharp 
increase in resistivity starts at the Tsb slightly higher 
than Tn- Such increase of resistivity could arises from 
the Fe vacancy ordering. The higher Tn and Tg in the 
superconducting crystal relative to non-superconducting 
crystal suggests that antiferromagnetic magnetism and 
superconductivity are not simply competing to each 
other. Occurrence of superconductivity in an antifcrro- 
magnctic ordered state with so high Tn and the large 
magnetic moment of Fe up to 'S.SpiB may suggest new 
physics in this type of unconventional superconductor. 
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